In this study, high surface area (312 m 2 g −1 ) nano-sized Ca-Mgdoped ferrihydrite was synthesized using surfactant mediation-precipitation technique. The micrographs obtained by transmission electron microscopy confirmed the particle size to be in the range of 2-5 nm. The weak crystalline nature of powder was indicated by the selected area electron diffraction pattern. Here, we studied the adsorption of four cations [Pb(II), Cd(II), Cu(II) and Co(II)] onto self-prepared nano-sized powder under various experimental conditions. The contact time data followed pseudo-second-order kinetics model for all the four cations giving regression coefficient values >0.99. The isothermic data fitted well to both Langmuir and Freundlich models for Pb(II), Cd(II) and Cu(II) with corresponding Langmuir monolayer capacities of 312.5, 333.3 and 333.3 mg g −1 , respectively. For Co(II) isothermic data, only Freundlich model showed good fit and the experimentally obtained maximum loading capacity was 225 mg g −1 . Desorption studies confirmed that Pb(II)-or Cd(II)-loaded adsorbent can be regenerated/reused. Studies up to five cycles of adsorption-desorption confirmed increase in uptake capacity upon regeneration. Although Cu(II)-or Co(II)-loaded adsorbents could not be regenerated, toxicity characteristic leaching procedure tests confirmed that they were safe for disposal. This is the first study of its kind to report high-loading capacities for various cations and an increase in Pb(II) or Cd(II) uptake capacities after regeneration on an adsorbent. Therefore, the prepared sample can be regarded as a super adsorbent.
INTRODUCTION
Some of the most hazardous metals are Cr, Se, V, Co, Ni, Cd, Hg, As, Pb and Zn. Researchers and environmentalists are concerned over the ever-growing contamination of water bodies with such toxic metal ions due to the discharge of effluents into water streams. Various efforts are carried out to find ways and means to purify contaminated waters. Adsorption is one of the techniques to remove toxic metal ions from the solutions due to the development of lowcost-efficient adsorbents. Classification and evaluation of various adsorbents have been reported in a number of recent reviews (Bailey et al. 1999; Babel and Kurniawan 2003; Kurniawan et al. 2006; Arief et al. 2008; Sud et al. 2008; Wan Nagh and Hanafiah 2008) . This is an era of nanoscience where the development of technologies for high-end applications in electronics, drug delivery, magnetic and optical fields are carried out using nanomaterials. Attempts have also been made by environmental researchers to utilize the extra-ordinary properties of nanomaterials for environment clean-up (Liu 2006; Savage and Diallo 2006; Tratnyek and Johnson 2006) . Iron oxides/hydroxides form important groups of adsorbents. Iron-based nanomaterials exhibiting high metal-uptake capacities can provide better alternatives for mitigation of toxic ions from aqueous solutions Zhong et al. 2006; Eskandarpour et al. 2007; Lijuan et al. 2008; Shipley et al. 2009; Mohapatra et al. 2010) .
The surface and structural properties of iron oxides can be modified by doping metal ions into the iron matrix. In our earlier studies the enhanced uptake capacities of doped nano-goethite for cation removal have been reported (Mohapatra et al. 2009a) . Surfactant mediation helps in controlling both physical and surface properties of nanoparticles. Recently, Yue et al. (2010) have reported the use of cetyltrimethylammonium bromide (CTAB) as a surfactant for controlled synthesis of goethite nanorods. Baltpurvins et al. (1997) have reported that the Ca(II) incorporation takes place due to surface adsorption. Mg(II) has been observed to be accommodated deeply into the structure of other oxides (Kinniburgh et al. 1976 ). The reasons for choosing Ca and Mg as dopants in ferrihydrite for this study are (i) their non-toxic nature; (ii) cost effectiveness; (iii) Ca(II) doping can change the surface properties due to surface adsorption and (iv) Mg(II) doping can vary the structural properties due to their incorporation into the matrix. Considering the advantages of using surfactant and Ca(II), Mg(II) doping, in this paper, a novel surface-modified Ca-Mg-doped nano-sized ferrihydrite powder following surfactant mediation-precipitation technique has been prepared. Results from the cation adsorption studies have revealed that the synthesized adsorbent is a novel one as very-high loading capacities were obtained for Pb(II), Cd(II), Cu(II) and Co(II), and this kind of single iron-based adsorbent has not been reported previously. Regeneration/reuse and toxicity tests have also been studied in detail for the evaluation of the adsorbent in order to identify its potential application in water/effluent purification.
EXPERIMENTAL SETUP
The chemicals used for the synthesis of Ca-Mg-doped ferrihydrite nano-sized powder were Fe(NO 3 ) 3 ·9H 2 O, CaCl 2 (fused), CTAB, sodium hydroxide (all four purchased from E-Merck, India) and MgCl 2 ·6H 2 O (Ranbaxy, India). Approximately 100 ml of mixed solution containing 55.5 g l −1 Fe(III), 2 g l −1 Ca(II) and 1.2 g l −1 Mg(II) was taken in a beaker. To this mixture, 5 ml of 10% CTAB solution was added and the solution was stirred for 2 h. This is followed by adjusting the pH to 10, and 1 M NaOH is slowly added to the mixture. The contents were stirred for 24 h and then filtered through a G4 frit crucible. Chloride and nitrate were removed by thoroughly washing the precipitate with distilled water. An analysis of the Fe, Ca and Mg contents in the filtrate revealed that iron was only quantitatively precipitated; however, 98% Ca(II) and 91% Mg(II) were precipitated under the same conditions. The precipitate was then transferred into a beaker and the volume was diluted to 500 ml using distilled water. The contents were kept at 333 K for 12 h in an air oven. After aging, the solid was separated by filtering through a G4 crucible, washed thoroughly with distilled water and dried in an oven at 373 K for 24 h.
Wet chemical method was used for estimating the content of iron by taking a weighed amount of the sample and subjecting it to tri-acid digestion. Iron was analyzed volumetrically (Vogel 2000) following standard procedures and other cations were analyzed using atomic adsorption spectrophotometer (AAS; Model AAnalyst 200; PerkinElmer, U.S.A.). X-ray diffraction (XRD) patterns were taken with Model X'pert Pro-3040/60 using CoK α radiation with λ = 1.79 Å. An electron microscope (TECNAI G 2 20 TWIN; FEI) operating at 200 kV, equipped with a GATAN charge-coupled device camera was used to study the surface morphology of the sample. A JASCO Model 5300 spectrometer was used to analyze the infrared (IR) spectra in the range of 500-4000 cm −1 for the synthesized and cation-loaded samples. Surface area (Brunauer-Emmett-Teller or BET) was measured using Quantasorb 1750 instrument. The point of zero charge (pH PZC ) of the sample was measured using the method suggested by Balistrieri and Murray (1981) . A horizontal shaker having provisions for temperature and agitation control was used for carrying out cation adsorption experiments under different experimental conditions. For each experiment, 50 ml of cation solution of desired concentration and pH was taken in a 100-ml glass-stoppered conical flask and a weighed amount of adsorbent was added into it. The contents were stirred at 160 rpm for a desired period, while the temperature was maintained constant. During variation of the experimental parameters, one parameter was changed at a time, while keeping rest of the parameters constant. The standard experimental conditions are adsorbate concentration: 100 mg l −1 ; adsorbent concentration: 2 g l −1 ; time: 120 min; temperature: 308 K; pH: 5.0. The solids were separated and after proper dilutions, the filtrate was analyzed for the presence of cations by AAS method. Some of the experiments were done in triplicate and the reproducibility was within ±2%.
RESULTS AND DISCUSSION

Chemical Analysis and Characterization of the Sample
The chemical analysis of the sample showed that it contained 55.83% Fe, 1.81% Ca and 1.17% Mg. The BET surface area was estimated to be 312.7 m 2 g −1 . The pH PZC of the adsorbent was 8.32. The XRD pattern [ Figure 1 (a)] shows broad peaks at 2θ = 39.5°and a sharp peak at 2θ = 52.5°, which correspond to d values of 2.53 and 2.03 Å for (110) and (113) planes of six-line ferrihydrite (JCPDS Card No. 29-0712), respectively. It may be mentioned here that when the same procedure for iron precipitation was followed but without Ca-Mg doping, mixed iron oxides containing ferrihydrite, goethite and hematite were formed (Mohapatra et al. 2011a ). Therefore, our results confirm that the doping of Ca(II) and Mg(II) has changed the crystalline phases of the sample. Typical transmission electron microscopy (TEM) image of the prepared sample given in Figure 1 (b) shows 2-5-nm sized spherical particles and the corresponding selected area electron diffraction pattern given in Figure 1(c) shows the sample to be weakly crystalline. The IR spectrum given in Figure 1(d) shows a broad absorption band at 3399 cm −1 and six more bands at 1630, 1489, 1356, 1068, 602 and 474 cm −l , respectively. The bands formed at 3399 and 1630 cm −1 are due to the absorption of water molecules present in the sample. The bands formed at 1489 and 1356 cm −1 are due to Fe-O and Fe-OH bending vibrations, respectively. The strong absorption band at 1068 cm −1 is due to -OH deformation vibration (Baltrusaitis et al. 2006 ). The bands formed at 602 and 474 cm −1 are attributed to the lattice vibrations of the FeO 6 octahedra (Music et al. 1993; Vempati et al. 1990; Ristic et al. 2007 ). The primary particles in the precipitate are possibly of the form FeOOH·H 2 O.
Adsorption of Pb(II), Cd(II), Co(II) and Cu(II) onto Ca-Mg-doped Ferrihydrite Sample
Adsorption kinetics
The effect of contact time on the adsorption of Pb(II), Cd(II), Cu(II) and Co(II) onto Ca-Mgdoped sample given in Figure 2 (a) shows that the equilibrium point was attained in 120 min. The adsorption of four metal ions were in the following order: Pb(II) > Cd(II) > Cu(II) > Co(II).
Considering the fact that a heavy metal presenting a large first hydrolysis constant should react more easily with a protonated site when compared with a weaker heavy metal, the expected trend should have been Pb(II) > Cd(II) > Cu(II) ≥ Co(II), which matches well with the observed trend. The time data up to 180 min was tested for pseudo-second-order rate equation (Ho and McKay1998) [equation (1)] t/q t = 1/kq e 2 + 1/q e ·t (1) where t is the contact time (min), q e (mg g −1 ) and q t (mg g −1 ) are the amounts of metal adsorbed at equilibrium and at any time, t, and k is the second-order rate constant (g mg −1 min −1 ). By plotting the slopes and intercept of t/q t versus t [ Figure 2 (b)] for adsorption of Pb(II), Cd(II), Cu(II) and Co(II), the kinetic parameters of the four metal ions for pseudo-second-order rate equation were estimated under similar conditions. The correlation coefficients were more than >0.99 for the adsorption of all the four cations. et al. 2011b; Rao et al. 2011) . Following pseudo-second-order kinetics suggests that the adsorption may be the rate-limiting step involving valence forces through sharing or exchange of electrons between the adsorbent and the adsorbate.
Effect of pH
The effect of pH on the adsorption of cations is shown in Figure 3 . It is observed that the loading capacities of metal ions increased with pH up to a value of 5.0 and thereafter the value stabilized. The low adsorption of metal ions at pH < 4.0 could be due to the presence of positively charged adsorbent species, as the pH PZC of the sample was 8.32; below this pH, the surface will be positively charged which leads to an electrostatic repulsion interaction. Besides this, H + ions in the solution (present in high concentrations) compete with metal ions for adsorption sites, which results in the reduced uptake of metal ions (Yu et al. 2001; Wasewar et al. 2008; Hanafiah et al. 2009; Farooq et al. 2010) . However, there is an increase in metal ion removal as the pH increases, which is due to a decrease in competition between the protons and metal cations for the same sites 
Effect of concentration and adsorption isotherms
The effect of the concentration of cations on their adsorption was studied in the range of 25-700 mg l −1 , while maintaining the rest of parameters as follows: adsorbent dose = 2 g l −1 ; pH = 5.0; temperature = 308 K; contact time = 120 min. The results given in Figure 4(a) show that the metal ion loading was in the following order: Pb(II) > Cd(II) > Cu(II) > Co(II). It is observed that the loading capacities increased with the increase of initial cation concentration up to 600 mg l −1 and thereafter it became more or less stabilized. With the increase in the initial metal concentration, an increase in the mass transfer of the metal ion between the aqueous and solid phases will take place, increasing the loading capacity (Rao et al. 2011) . The maximum amounts of Pb(II), Cd(II), Cu(II) and Co(II) adsorbed were 293.5, 278.8, 272.9 and 225.0 mg g −1 , respectively, with the initial concentration of 700 mg l −1 for each metal ion. Such high loading capacities could be due to a combination of (i) high surface area of the synthesized sample, which provides more adsorption sites; (ii) generation of active sites due to incorporation of Mg(II) within the ferrihydrite structure; (iii) exchange reaction between surface Ca(II) ions on the ferrihydrite surface. Such exchange reactions for Ca(II) by cations have been proposed by many researchers (Villaescusa et al. 2004; Martínez et al. 2006; Qaiser et al. 2009 ). The contact time data were fitted to the standard linear forms of Langmuir and Freundlich isotherms as expressed by equations (2) Ln q e = Ln K F + 1/n Ln C e
where C e is the equilibrium concentration of adsorbate in the solution (mg l −1 ), q e is the adsorption capacity at equilibrium (mg g −1 ), q m is the maximum amount of adsorption (mg g −1 ), b is the adsorption equilibrium constant (l mg −1 ), while K F and 1/n are the constants indicating the adsorption capacity and the adsorption intensity, respectively (n should be <1 or vary between 1 and 10). Pb(II), Cd(II) and Cu(II) followed Langmuir isotherm model with regression coefficients >0.94 [ Figure 4 (b)] giving monolayer capacities of 312.5, 333.3, and 333.3 mg g −1 , respectively. Such high monolayer capacities for cations on an iron-based single adsorbent have not been reported earlier. The isothermic data for the four cations fitted to Freundlich adsorption isotherm with regression coefficients >0.9 [ Figure 4(c) ]. The values of n were determined to be 1.76, 1.58, 1.55 and 1.50 for Pb(II), Cd(II), Cu(II) and Co(II), respectively, showing favourable adsorption of these cations onto the synthesized Ca-Mg-doped ferrihydrite nano-sized powder. Many papers reported on the use of low-cost adsorbent for metal ion remediation (Babel and Kurniawan 2003; Mohan and Pittman 2006; Dias et al. 2007; Khan et al. 2008) , in which the authors compared various low-cost bioadsorbents and conventional and non-conventional adsorbents for different toxins. However, our work is much concentrated on the use of iron oxide nanomaterials.
Researchers are entangled to evaluate sorption capacity of various phases of iron oxide in both nano and micro forms. Recently, Hua et al. (2012) summarized the use of various nano-oxides in waste treatment, and more recently Xu et al. (2012) focused their review on a particular nanosized iron oxide for wastewater remediation. However, the sorption capacity of the various phases of iron oxides is reported for only one or two toxin ions at a time. Table 1 compares loading capacities of various adsorbents. In a majority of the studies, only one or two cations are taken for generating the adsorption data. Therefore, it is difficult to compare and evaluate the adsorbents. 
Characterization of Pb(II), Cd(II), Cu(II) and Co(II) Loaded Ca-Mg-doped Ferrihydrite Sample
The XRD patterns of the sample after adsorption of Pb(II), Cd(II), Cu(II) and Co(II) (conditions: adsorbent concentration = 2 g l −1 ; metal ion concentration = 500 mg l −1 ; pH = 5.0; temperature = 308 K; time = 2 h) are shown in Figure 5 (a) and the Fourier transform infrared (FT-IR) spectra of loaded samples are given in Figure 5(b) .
After Pb(II) adsorption, the peaks situated at d spacing of 2.51 Å showed a negative shift of 0.002. The percentage relative intensity (RI) of diffraction peaks at d values of 2.538 and 2.031 Å were 100% and 85% upon loading Cd(II) onto doped ferrihydrite. In the case of Cu(II) and Co(II), the same planes were affected by positive shifting of d values. It is inferred from these observations that the peak intensities and peak positions of ferrihydrite phase are affected during the adsorption process. Shifts in d values after cation adsorption have been reported elsewhere (Mohapatra et al. 2009c) .
The FT-IR spectra of the prepared sample showed one broad absorption band at 3399 cm −1 and six more bands at 1630, 1489, 1356, 1068, 602 and 474 cm −l . Figure 5(b) shows the FT-IR spectra of metal ion-loaded samples. It is observed that in all cases the -OH stretching vibration had become broader after cation loading. The bending vibration around 1630 cm −1 shifted to 1641 cm −1 in all the cases. The strong absorption band at 1068 cm −1 which was attributed to -OH deformation vibration had disappeared in the Cd(II)-, Cu(II)-and Co(II)-loaded samples, while it had shifted to 1110 cm −1 for the Pb(II)-loaded sample. The band at 1489 cm −1 , assigned to Fe-O bending, disappeared in the case of Pb(II)-and Cd(II)-loaded samples, while it shifted to a low wave number (1450 cm −1 ) for the Cu(II)-and Cd(II)-loaded samples, indicating that adsorption follows different mechanism. The band formed due to Fe-OH bending at 1356 cm −1 was shifted to a lower wave number (4-8 cm −1 ) after cation loading. Depending on the nature of loaded cation, the band appearing at 474 cm −1 , which was attributed to FeO 6 vibration in the b-c plane, showed positive shifting from 5 to 51 cm −1 , whereas the other band at 602 cm −1 disappeared in all the loaded samples. A new band at 762 cm −1 for out-of-plane bending moment of B1u transition appeared in all the loaded samples (Lewis and Farmer 1986). to 21.22, nil to 88.02, nil to 18.98 and nil to 99.05 by increasing the contact time from 0 to 20 h using 0.25 M HNO 3 , 0.5 M HNO 3 , 0.25 M CH 3 COOH and 0.5 M CH 3 COOH, respectively, as the leachants. In the same way, the percentage desorption of Cd(II) [Figure 6(b) ] increased from nil to 28.98, nil to 92.89, nil to 35.64 and nil to 99.98 by increasing the contact time from 0 to 20 h using 0.25 M HNO 3 , 0.5 M HNO 3 , 0.25 M CH 3 COOH and 0.5 M CH 3 COOH, respectively, as the leachants. However, when the desorption experiments using different leachants were carried out on Cu(II)-loaded adsorbent, depending on the time and nature of leachant only 4-8.55% desorption took place, which indicates the difficulty in regenerating Cu(II)-loaded Ca-Mg-doped ferrihydrite. In the same way, in the case of Co(II)-loaded adsorbent, depending on the time and nature of leachant only 0.03-0.14% desorption took place.
Desorption, Stability and Regeneration
Based on the results of desorption studies, further data were generated for Pb(II)-and Cd(II)loaded samples for regeneration and reuse, while the Cu(II)-and Co(II)-loaded samples were subjected to toxicity characteristic leaching procedure (TCLP) test for ensuring safe disposal of the loaded adsorbent.
Regeneration and reusability of Pb(II)-or Cd(II)-loaded Ca-Mg-doped ferrihydrite
The Pb(II)-or Cd(II)-loaded samples were regenerated and reloaded to establish the practical usability of the sample in a number of adsorption-desorption cycles using 0.5 M CH 3 COOH solution as a leachant and keeping the contact time as 20 h. It was observed that the loading capacities of the sample increased from 293.5 to 352.12 mg g −1 for Pb(II) and from 278.75 to 349.31 mg g −1 for Cd(II) during first to fifth adsorption-desorption cycle. In general, the loading capacities decrease with the increase of adsorption-desorption cycles. To the best of our knowledge it is for the first time an increase in the adsorption capacities of cations are being reported during adsorption-desorption cycles.
TCLP test of Cu(II)-or Co(II)-loaded Ca-Mg-doped ferrihydrite
The results presented in the previous section have shown that it was not possible to regenerate Cu(II)-or Co(II)-loaded Ca-Mg-doped ferrihydrite adsorbents, and therefore, TCLP tests were carried out on these two cation-loaded adsorbents to ensure safe disposal. The limiting values set by US EPA (1995) for Cu is 5 mg l −1 and that for Co is 5 mg l −1 . Approximately 0.1 and 0.06 mg l −1 of Cu(II) and Co(II) were leached out by TCLP test, which showed that the Cu(II)-and Co(II)-loaded samples were safe for disposal.
CONCLUSIONS
A novel high surface area (312 m 2 g −1 ) nano-structured Ca-Mg-doped ferrihydrite adsorbent containing 55.83% Fe, 1.81% Ca and 1.17% Mg has been synthesized through surfactant mediation-precipitation technique. The XRD, TEM and FT-IR spectra studies carried out on the synthesized powder revealed it to be poorly crystalline with particle size to be within the range of 2-5 nm containing primary particles of FeOOH·H 2 O. Batch adsorption experiments on the prepared nano-sized ferrihydrite were carried out for removing cations [Pb(II), Cd(II), Cu(II) and Co(II)] from aqueous solutions. The kinetics of adsorption followed pseudo-second-order kinetics model for all the four cations. The isothermic data fitted well to both Langmuir and Freundlich models for Pb(II), Cd(II) and Cu(II) with corresponding Langmuir monolayer capacities of 312.5, 333.3 and 333.3 mg g −1 , respectively. In the case of Co(II) adsorption, only Freundlich model was followed and the experimentally obtained maximum loading capacity was 225 mg g −1 . Such high loading capacities for these four cations on a single adsorbent have not been reported earlier. Pb(II)-or Cd(II)-loaded adsorbent could be regenerated and reused. The tests were carried out for five adsorption-desorption cycles. Loading capacity increased after regeneration. Such an observation is reported for the first time. Co(II)-or Cu(II)-loaded adsorbents were difficult to regenerate but passed TCLP tests for safe disposal. The results of our study indicate that the prepared sample can be regarded as a super adsorbent.
